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Motivation

Development of physical programs for future high-energy

HEP colliders

Having high-precision theoretical description of basic ete™ and
other HEP processes is of crucial importance

as for solving problems of the Standard Model

as for new physics searches

Two-loop calculations are still in progress, and higher-order QED
corrections are also important

The formalism of QED parton distribution functions gives a fast
estimate of the bulk of higher-order effects

Parallels between QCD and QED
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Future ete™ collider projects

Linear Colliders Circular Colliders
e ILC, CLIC e 'CC-ce, TLEP
e CEPC
E,. e 1t u~ collider (WTRISTAN)
e ILC: 91; 250 GeV — 1 TeV Eior
e CLIC: 500 GeV — 3 TeV e 91; 160; 240; 350 GeV

L~2-10% cm 2571

~ 7 .1036 —2.,—1
Stat. uncertainty ~ 10* L~2-10° em™s™" (4 exp.)

Stat. uncertainty ~ 10°

Tera-Z mode!
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To-do list for QED

e Compute 2-loop QED radiative corrections to differential
distributions of key processes: Bhabha scattering, muon decay,
ete” — utpT, ete” — wta, ete” — ZH etc.

o Estimate higher-order contributions within some approximations
@ Account for interplay with QCD and electroweak effects

e Construct reliable Monte Carlo codes
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Perturbative QED (I)

Fortunately, in our case the general perturbation theory can be applied:

23 ~12-1073, (

s

23)2 ~14-107°

s

Moreover, other effects: hadronic vacuum polarization, (electro)weak
contributions, hadronic pair emission, etc. are small in, e.g., Bhabha
scattering and can be treated one-by-one separately

Nevertheless, there are some enhancement factors:

1) First of all, the large logarithm L = In % where A2 ~ Q? is the
momentum transferred squared, e.g., L(A = 1GeV) ~ 16 and

L(A =Myz) ~ 24.

2) The energy region at the Z boson peak (s ~ M%) requires a special
treatment since factor Mz /T"z appears in the annihilation channel
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Perturbative QED (II)

Methods of resummation of higher-order QED corrections
e Resummation of vacuum polarization corrections (geometric series)

e Yennie-Frautschi-Suura (YFS) soft photon exponentiation and
its extensions, see, e.g., PHOTOS

@ Resummation of leading logarithms via QED structure functions or
QED PDFs (E.Kuraev and V.Fadin 1985;
A. De Rujula, R. Petronzio, A. Savoy-Navarro 1979)

N.B. Resummation of real photon radiation is good for sufficiently
inclusive observables. . .
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Leading and next-to-leading logs in QED
The QED leading (LO) logarithmic corrections

aN" o, S
o () e S
(27r> " m?2

were relevant for LEP measurements of Bhabha, ete™ — putu™ ete.
for n < 3 since In(M2/m3) ~ 24

NLO contributions
(32) ™
~(—) In" " —
27 m3

with at least n = 3, 4 are required for future ete™ colliders

In the collinear approximation we can get them within
the NLO QED structure function formalism

e F.A Berends, W.L. van Neerven, G.J.Burgers, NPB’1988
e A A., K.Melnikov, PRD’2002; A.A. JHEP’2003
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QED NLO master formula

The NLO Bhabha cross section
reads

da— /dzl/ dzy D3 (1) Dyl (2z2)

abcd=ezy " A

[d‘f cgb)—md(zl’ ) +do, ;Eb)_md (21, Zz)}
X/ dyl/ dyZ frg( ),Dfrg (2)
n Y2 Y1 e Y,
+0 (oz”L"_2 m_f)

s

and oL! terms are completely reproduced [A.A., E.Scherbakova,
JETP Lett. 2006; PLB 2008] || e=et

a?l?

Andrej Arbuzov Higher-order ISR ... _



Motivation eTe™ colliders QED Higher order logs SANC Project Outlook
[e]e] [e]e)

000 0080000000 0000 00000
!

High-order ISR in eTe™ annihilation

dUe+e— —y* 1

ds' = EJ(O) (S,) Z Dge- ® &abﬁ'y* ® Dpe+
ab=e— y,et
a\b et v e”
e De—e— De+e+ Oe—et nye— De—e— Oe—~ De—e— Dot 0p-e-
LO (1) NLO (a?L) | NNLO (a*L?)
v D'ye— D+ o+ Oty D'ye— nye+ Oy nye— D+ Oe—~

NLO (Och) NNLO (a4L2) NLO (a4L3)
Deto-Det ot Optet De*e*Dvﬁae*'y Deto- Dot Opte-

NNLO (a*L?) NLO (a*L3) LO (a*L*)

e+

Contributions from D,-,+ and D+,~ are missed in [J. Ablinger, J. Bliimlein,
A. De Freitas and K. Schonwald, “Subleading Logarithmic QED Initial State
Corrections to ete™ — v*/Z%" to O(a’L>),” NPB 955 (2020) 115045]
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QED NLO DGLAP evolution equations

at [d
Db( MR>: (1 —x) + Z/ /ypbc% Dca<y7>

= ewez

pr is a factorization (energy) scale

pR is a renormalization (energy) scale

Dy, is a parton density function (PDF)

Py is a splitting function or kernel of the DGLAP equation

N.B. In QED ug = m, ~ 0 is the natural choice
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QED splitting functions

The perturbative splitting functions are

_ ~ 2

Pyo(x,G(1)) = O;L?pg?(x) - (‘%?) P (x) + O(ad)
2

eg. PY(x)= htih

They come from direct loop calculations, see, e.g., review “Partons in

QCD” by G. Altarelli. For instance, Pl(;) (x) comes from 2-loop
calculations.

The splitting functions can be obtained by reduction of the ones known
in QCD to the abelian case of QED.

a(t) is the QED running coupling constant in the MS scheme

Androj Arbuzov Higher-order ISR ... [ 06K Jaly 203475736



Motivation eTe™ colliders QED Higher order logs SANC Project Outlook
000 00 [e]e] 00000@0000 0000 00000

Running coupling constant

Compare QED-like

o a [ 10 2 a\2{ 13 4,
a(t)—a{l—i-E( 9+§L>+(§) ( L+l +...>+...
and QCD-like

o 47 B ﬁln[ln(t/AZ)]
a0 = B /A [1 2 n(t/A2) *]

Note that “—10/9” could have been hidden into A
In QED Sy = —4/3 and p; = —4
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O(a) matching

The expansion of the master formula for ISR gives

ee—y

dol) . = %{ZLP(O) ©dolD,.. +2d4%) @ daég)ﬂ*} +dog),. +0(o?)

We know the massive do") and massless d 51 (m, — 0 with MS
subtraction) results in O(«a). E.g.

5 —
dae( E)—w* T

dUe(?—m* o [1 + 22 !

EL <lnnj§ - 1) +o(1-2)(.), z= %

Scheme dependence comes from here
Factorization scale dependence is also from here

N.B. "Massification procedure”
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Factorization scale choice

We apply the BLM-like prescription, i.e., hide the bulk of one-loop correction
into the scale

For ete™ annihilation

dasiLW*—a[1+Zz] (1115—1>+5(1—Z)( )= pp=s Orﬂz_s
dae(g)—>7* 1=z |, \ m2 E Foe

Remind Drell-Yan where we usually take u2 = s’ = zs, i.e., the enegry scale of
the hard subprocess (?!)

For muon decay pp = m, is good, but ur = m,z(1 — z) is better. It was

cross-checked with the help of (partially) known two-loop results
[K.Melnikov et al. JHEP’2007]
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[terative solution

The NLO “electron in electron” PDF reads [A.A., U.Voznaya, JPG 2023|

Dee(x, pip, me) = 5(1 — x) + iLPS’) @+ d(l)(x, e, )
H2) (30 el w + 20w + 379 0 P )
X
+(5
«@
+(r

a\3 1 10
+ (;) 2 (pe(gﬂ) @ PV (x) + PP @ PO & dD (x, me, me) + 5pgcl)(x) _ ;pe(eo) @ PO () + .. )

10
) L (P<°> ® S (x,me, me) + PP @ ) (e me, me) — PP () 4 P (x))

L ( PO & pO g p® (1) 4 p(0> &P @ PO () 1+ .. )

10210, o3LY
The large logarithm L = In L § with factorization scale u2 ~ s or ~ —t; and

renormalization scale ug = mg.
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Higher-order effects in e™e™ annihilation

. k
400 = do®, . { () 2

Syl + O (o L*~ 2)}

k=1 1 1
5
04 »
Al
02 A\ 2

A
e
~—— St
LY — = = z
= it o )

N e [ - &y5#10% \
0.2

.......... US| C—— W ST,

——— A Gyy#10°
-04

[A.A., U Voznaya, arXiv:2405.03443, PRD’2024|
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The SANC framework and products family

Aot ) FORTRAN | MCSANC
FO}PI{M modules MCSANCee
. QCD&EW SANCphot

expressions . .
J corrections Integrators

[ ReneSANCe )
generator
Publications:

SANC — CPC 174 481-517

MCSANC — CPC 184 2343-2350; JETP Letters 103, 131-136
SANCphot — CPC 294 108929

ReneSANCe — CPC 256 107445; CPC 285 108646

SANC products are available at http://sanc.jinr.ru/download.php

ReneSANCe is also available at http://renesance.hepforge.org
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SANC advantages:

full one-loop electroweak corrections

leading higher order corrections
@ massive case

@ accounting for polarization effects

full phase space operation

results of ReneSANCe event generator and SANC integrators
are thoroughly cross checked

o) Arbuzov Higher-order ISR ... [ 06K Jaly 203476726
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Basic processes of SM for ete™ annihilation

g

1nb

0.1nb

10pb |

oule ol

1pb

0.1pb

| | | |
100 200 300 400 /s, GeV

The cross sections are given for polar angles between 10° < 6 < 170° in
the final state.
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ReneSANCe

Based on the SANC modules

Complete one-loop and some higher-order electroweak radiative
corrections

Unweighted events in ROOT and LHE format
Thoroughly cross checked against MCSANC integrator

o) Arbuzov Higher-order ISR ... [ i06R Jaly 2034751736
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Applications

e ISR in electron-positron annihilation e*e™ — ~*, Z*
“Higher-order NLO initial state radiative corrections to ete™
annihilation revisited” [A.A., U.Voznaya, arXiv:2405.03443 (to
appear in PRD)]|

O(a®L?) corrections to muon decay spectrum: relevant for future
experiments [A.A., U.Voznaya, PRD’2024|

Implementation into ZFITTER, production of benchmarks, tuned
comparisons with KKMC which uses YFS exponentiation for ISR

Application to different eTe™ annihilation channels and
asymmetries within the SANC project

O(a®L?) corrections to muon-electron scattering for MUonE
experiment (in progress)
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QED PDFs vs. QCD ones

Common properties:
o QED splitting functions = abelian part of QCD ones
@ The same structure of DGLAP evolution equations
@ The same Drell-Yan-like master formula with factorization
e Factorization scale and scheme dependence
Peculiar properties:
e QED PDFs are calculable
o QED PDFs are less inclusive
o QED renormalization scale ur = m, is preferable
e QED PDFs can (do) lead to huge corrections

e Massification procedure
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Parton picture is there also in QED
e QED PDF are similar to QCD ones, but with some differences
o QED cross-checks QCD

Having high theoretical precision for the normalization processes
ete” —ete,eTe” — utp, and ete” — 27 is crucial for future
eTe™ colliders, especially for Giga-Z and Tera-Z modes

e We need complete two-loop QED results, but (sub)leading higher
order corrections are also numerically important

New Monte Carlo codes are required

Semi-analytic codes are relevant for estimates and benchmarks
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Electron is as inexhaustible as atom (1909)
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Thank you for attention!
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